Keywords: CD40L Inflammasome IL-1β MCP-1 Retinal pigment epithelium RPE Age-related macular degeneration AMD A B S T R A C T CD40L signaling occurs in several diseases with inflammatory components, including ocular and retinal diseases. However, it has never been evaluated as a pathogenic mechanism in age-related macular degeneration (AMD) or as an inducer of inflammasome formation in any cell type. mRNA and protein levels of CD40, IL-1β, NALP1, NALP3, caspase-1, and caspase-5 were determined by RT-PCR, qPCR, and Western blot. CD40L receptor (CD40, α5β1, and CD11b) expression was determined by Western and immunofluorescent staining. IL-1β, IL-18, and MCP-1 secretions were determined by ELISA. NALP1 and NALP3 inflammasome formation were determined by Co-IP. Experiments were conducted on primary human retinal pigment epithelial (hRPE) cells from four different donors. Human umbilical vein endothelial (HUVEC) and monocytic leukemia (THP-1) cells demonstrated the general applicability of our findings. In hRPE cells, CD40L-induced NALP1 and NALP3 inflammasome activation, cleavage of caspase-1 and caspase-5, and IL-1β and IL-18 secretion. Interestingly, neutralizing CD11b and α5β1 antibodies, but not CD40, reduced CD40L-induced IL-1β secretion in hRPE cells. Similarly, CD40L treatment also induced HUVEC and THP-1 cells to secret IL-1β through CD11b and α5β1. Additionally, the CD40L-induced IL-1β secretion acted in an autocrine/paracrine manner to feed back and induce hRPE cells to secrete MCP-1. This study is the first to show that CD40L induces inflammasome activation in any cell type, including hRPE cells, and that this induction is through CD11b and α5β1 cell-surface receptors. These mechanisms likely play an important role in many retinal and non-retinal diseases and provide compelling drug targets that may help reduce pro-inflammatory processes.
Introduction
Age-related macular degeneration (AMD) is the leading cause of visual impairment and blindness in patients over 60 years old (Klein et al., 2011) . Various inflammatory processes have been closely linked to the pathogenesis of AMD, including complement activation, macrophage infiltration, pro-inflammatory cytokine release, and oxidative injury (Bian et al., 2011; Kinnunen et al., 2012; Telander, 2011) . Inflammasome complex assembly was recently shown to be elevated in the hRPE of AMD eyes with geographic atrophy and in neovascular AMD (Doyle et al., 2012; Tarallo et al., 2012; Tseng et al., 2013) . The inflammatory mediator CD40L (CD154, TNFSF5) and its receptor, CD40, have been implicated in promoting pathogenic inflammation in various ocular and neurodegenerative diseases, including ischemic and diabetic retinopathy (Portillo et al., 2008 (Portillo et al., , 2017 , thyroid-associated ophthalmopathy (Hwang et al., 2009) , and Alzheimer's disease (Togo et al., 2000) . Alternatively, CD40L has been implicated in promoting choroidal neovascularization through macrophage infiltration and release of anti-inflammatory, pro-angiogenic factors (Marneros, 2013) . However, CD40L has never been evaluated as a pro-inflammatory mediator in AMD or hRPE cells or as an inducer of inflammasome activation in any cell type or tissue.
Initially found on the surface of activated T-cells, CD40L expression has now been identified on a wide variety of cells, including platelets, B-cells, mast cells, macrophages, natural killer, endothelial, and epithelial cells (Elgueta et al., 2009; Schonbeck and Libby, 2001 ). Originally CD40L was thought to only bind to CD40, a co-stimulatory protein found on antigen presenting cells that is essential for their activation. However, since then, three more CD40L receptors (Hassan et al., 2012) have been found: αIIβ3 (Andre et al., 2002) , α5β1 (Leveille et al., 2007) , and CD11b (αMβ2 or MAC-1) (Zirlik et al., 2007) , all of which are integrin proteins. Of these CD40L receptors, CD40, α5β1, and CD11b have all been detected on hRPE cells (Elner et al., 1981 Robbins et al., 1994; Willermain et al., 2000) . The CD40L/CD40 dyad is well characterized, being implicated in various immune and inflammatory diseases (Elgueta et al., 2009; Hassan et al., 2012) including several ocular diseases (Bagenstose et al., 2005; Brignole et al., 2000; Zhao et al., 2010) . The other CD40L receptors in the eye, α5β1 and CD11b, are associated with cell migration, adhesion, proliferation and metastasis (Elner and Elner, 1996) . CD40L is a 32-39 kDa, type II transmembrane glycoprotein that belongs to the TNF superfamily. It can be cleaved into an 18 kDa, soluble, truncated form (sCD40L) with similar biological functions and is released from activated platelets, macrophages and T cells (Hassan et al., 2012; Kilmon et al., 2007; Lee et al., 2010; Pietravalle et al., 1996; Verma et al., 2016) .
Inflammasomes contain Nod-like receptors (NLR) that recognize a wide spectrum of danger-and pathogen-associated molecular patterns (DAMPs and PAMPs), respectively (Kanneganti et al., 2007) . Of the 22 members of the NLR family, NALP1 and NALP3 represent two inflammasomes that are well recognized to play important roles in innate immunity and inflammation. Assembly of these inflammasomes leads to activation of caspase-1 and caspase-5, which we have recently shown to occur in hRPE cells in response to DAMPs and PAMPs (Bian et al., 2011) . The NALP1 inflammasome consists of NALP1, caspase-1, caspase-5, and an adaptor protein, apoptosis-associated speck-like protein containing a CARD (ASC or PYCARD). The NALP3 inflammasome lacks caspase-5 but has caspase-1 and ASC. These inflammasomes mediate the proteolytic cleavage of the pro-forms of interleukin-1β (IL-1β) and IL-18 to their mature, active forms for secretion into the extracellular environment (Lamkanfi and Dixit, 2012) , playing a major role in inflammasome-mediated immune responses (Vyleta et al., 2012) .
In this study, we found that CD40L induces inflammasome activation and cleavage and secretion of mature IL-1β and IL-18. To our knowledge, this is the first study to show that CD40L induces inflammasome activation in any cell type. Interestingly, without IFN-γ priming, CD40L-induced MCP-1 secretion was CD40 receptor independent and occurred due to autocrine/paracrine effects of CD40L-induced IL-1β secretion through α5β1-and CD11b receptor signaling. These novel mechanisms likely play an important role in the pathogenesis of AMD, as well as other retinal and non-retinal diseases.
Material and methods

Materials
Recombinant human IL-1β, IFN-γ, IL-4 and CD40L were purchased from R&D Systems (Minneapolis, MN). The recombinant CD40L was an 18 kDa monomer composed of the amino acids present in the soluble form (amino acids 108-261). The caspase-1 inhibitor Z-YVAD-FMK and caspase-1 colorimetric assay kit were from Clontech and BioVision (Mountain View, CA and Milpitas, CA), respectively. The rabbit polyclonal antibody against CD40 was from Santa Cruz (Santa Cruz, CA). QIAshredder and RNeasy mini kit were purchased from Qiagen (Valencia, CA). The monoclonal anti-MCP-1 and biotinylated anti-MCP-1 antibodies were purchased from R&D Systems. All other reagents were obtained from Sigma-Aldrich (St. Louis, MO) and Fisher Scientific (Pittsburgh, PA). The CD40, α5β1, CD11b, and IL-1β antibodies have all been previously validated in several studies (Hanissian and Geha, 1997; Hirakawa et al., 2006; Jadhav et al., 2001; Nakamori et al., 1993; Symons et al., 1987; Trompouki et al., 2003) . All solutions without LPS specifically added tested negative for LPS using the limulus amebocyte lysate assay from Lonza (Basel, Switzerland).
Cell isolation and culture
In accordance with the Helsinki agreement, the hRPE cells were isolated and cultured as previously described (Elner et al., 1990 (Elner et al., , 1992 Bian et al., 2004) . Briefly, hRPE cells were isolated within 24 h of death from donor eyes obtained from the Midwest Eye Bank from 4 individuals aged 40-55 years, with no known history of ophthalmic disease. The neurosensory retina was gently separated from the RPE monolayer, and the RPE cells were removed from Bruch's membrane with papain (5 U/ml). The RPE cells were cultured in Dulbecco's modified essential medium (DMEM/F12) containing 15% fetal bovine serum, penicillin G (100 u/ml), streptomycin sulfate (100 μg/ml), and amphotericin B (0.25 μg/ml) in Falcon Primaria culture plates to inhibit fibroblast growth. The human RPE monolayers exhibited typical hexagonal arrays with uniform immunohistochemical staining for cytokeratin 8/18 and for fibronectin, laminin, and type IV collagen in chicken-wire distributions characteristic of these epithelial cells. The identity of RPE cells in the culture was also confirmed by apical immunohistochemical staining of Na+-K+-ATPase (Bian et al., 2004) . Cells were subcultured up to 3 passages, grown to confluence, and maintained for approximately 1 month before seeding for experiments. At each passage, all 4 cell lines grown to confluence exhibited polygonal arrays and 3 lines exhibited intracellular pigment. For experiments other than immunostaining, cultured hRPE cells were seeded from the subcultures at a density of 2 × 10 4 cells/cm 2 and grown to near confluence 5-6 days before beginning experiment protocols. For immunostaining, cells were seeded at a density of 4 × 10 4 in each chamber of 4-chamber slide chambers 2 days before experiments. Human umbilical vein endothelial cells (HUVEC) and respective culture supplies were purchased from Invitrogen (Carlsbad, CA) and cultured according to American Type Culture Collection (ATCC) recommended protocols. HUVEC were maintained in a humidified atmosphere with 5% CO2 at 37°C. The human monocytic leukemia cell line (THP-1) was obtained from ATCC (Manassas, VA.) and grown in ATCC RPMI 1640 culture medium supplemented with 10% fetal bovine serum, penicillin G (100 U/ml) and streptomycin sulfate (100 μg/ml).
RT-PCR and qPCR
The total cellular RNA was isolated from hRPE cells by QIAshredder and RNeasy mini kit according to manufacturer's protocol. The cDNA synthesis was set up according to the protocol for a reverse transcription system. Briefly, 5 μg of RNA was added to the reaction mixture with 1 μl of Superscript III reverse transcriptase (200 U/μl), 1 μl of Oligo (dT) 20 (0.5 μg μl), and 1 μl of dNTP mix in a total volume of 20 μl. PCR for each product was performed as described previously (Bian et al., 2003) . Briefly, PCR was performed with three different cycles (15, 25 and 35) in order to choose unsaturated cycles. PCR was accepted as semi-quantitative, when individual amplifications were within the midlinear portion of the response curve. Specific cDNA was amplified by 35, and 20 cycles for MCP-1 and beta-actin, respectively (Bian et al., 2003) . The condition for caspase-5 PCR was as described by Lin et al. (2000) and confirmed by examining three cycles (15, 25 and 35) first and then cycle 32 was selected for CD40, IL-1β, IL-18, Caspase-1, NALP1, and NALP3. The reaction was initiated by adding 0.15 μl of Taq DNA polymerase (5u/ml) to a final volume of 20 μl. Each PCR product was analyzed by electrophoresis on a 2% agarose gel and stained with ethidium bromide. The intensity of the ethidium bromide luminescence was measured by image sensor with a computer-controlled display. Primers are shown in Table 1 β-actin was used as a control with the following forward and reverse primers for both RT-PCR and qPCR: 5′-GTGGGGCGCCCCAGGCACCA-3′ and 5′-GCTCGGCCGTGGTGGTGA AGC-3'. qPCR was performed by using the CFX96 qPCR detection system (Bio-Rad, Hercules, CA) to measure SYBR Green I dye (Molecular Probes, Eugene, OR). PCR reactions were performed in triplicate. PCR without cDNA was used as a negative control. Primers for IL-1β were 5′-ACAGATGAAGTGCTCCTTCCA-3′ and 5′-GTCGGAGATTCGTA GCTGGAT-3′. Thermal cycling conditions were: 3 min at 95°C, followed by 40 cycles at 95°C for 30 s, 57°C for 30 s, and 72°C for 30 s. All PCR reaction products were verified by melting curve analysis and agarose gel electrophoresis. The IL-1β mRNA expression levels were quantified by calculating the average value of triplicate reactions, normalized by the average value of triplicate reactions for the housekeeping β-actin gene.
ELISA
The levels of immunoreactive MCP-1 in the hRPE conditioned media, collected after 24 h incubations of hRPE cells seeded into 24-well plates, were determined by modification of a double ligand ELISA method as previously described (Bian et al., 2004) . Briefly, 200ul of non-concentrated conditioned medium from each culture well were distributed in 50ul aliquots in 4 wells of a 96-well ELISA plate and diluted 1:1 with buffer as per manufacturer eBioscience (San Diego, CA; Ray Biotech Norcross, GA; Pierce Biotechnology, Inc., Rockford, IL) instructions. For IL-1β, a commercial human IL-1β high sensitivity ELISA kit from eBioscience was used to detect IL-1β from 0 to 10 pg/ml in conditioned media. For IL-18, human IL-18 ELISA kit from Ray Biotech was used to detect IL-18 from 0.5 to 75 pg/ml in the conditioned media. For low concentrations of MCP-1, the Endogen Human MCP-1 ELISA kit from Pierce Biotechnology, Inc. was used. In all assays the samples used were conditioned media without any pooling or concentrating. Standards included half-log dilutions of corresponding chemokines at concentrations from 1 pg to 100ng/well. Production of each cytokine per cell/per hr can be calculated by normalizing the reported cytokine values by dividing by 1 × 10 5 (cell number per well)/ 24hr.
Western blotting
Cell lysis buffer (product code# MCL1) was purchased from SigmaAldrich (St. Louis, MO). The buffer was used to perform cellular extraction of hRPE cell cultures and the cell lysates were used for Western blots that were processed according to the manufacturer's protocol (Sigma-Aldrich). Briefly, 20-50 μg of protein/sample was analyzed by SDS-PAGE, protein was electro-transferred to a nitrocellulose membrane, blocked with a solution of TBS containing 5% non-fat milk and 0.1% Tween-20 (TBST) for 1 h, probed with primary antibodies overnight, and then washed three times with TBST. Next, the membranes were incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature, and washed three additional times with TBST. The membrane was then visualized using an enhanced chemiluminescent technique.
Co-immunoprecipitation (Co-IP)
Live cells were treated with dithiobissuccinimidylpropionate (DSP) to stabilize transient enzyme/substrate interactions as has been performed in other studies of inflammasome assembly. DSP contains an amine-reactive N-hydroxysuccinimide (NHS) ester at each end of an 8-carbon spacer arm. At pH 7-9, the NHS ester reacts with primary amines, forming stable amide bonds. In general, proteins, including antibodies, have several primary amines in their side chain of lysine (K) residues and the N-terminus of each polypeptide which are targets for NHS-ester crosslinking reagents. When two or more proteins have specific affinity to one another, it brings them to come together, thus this bioconjugation technology can be a useful tool for capturing or freezing these momentary contacts. The crosslinker allows even transient interactions to be frozen in place or weakly interacting molecules to be seized in a complex stable enough for isolation and characterization. This method has been widely used, especially in the study of inflammasome (Cummins and Sapkota, 2018; Huang and Kim, 2013; Chen et al., 2017; Khare et al., 2016) .
Briefly, after removing the medium and washing hRPE cells with PBS, DSP from Thermo Scientific (Rockford, IL) was used for intracellular crosslinking followed by the Pierce classic IP Kit (Thermo Scientific). Briefly, cell lysates were generated using ice-cold non-denaturing lysis buffer in the presence of Halt™ proteinase and phosphatase inhibitor cocktail (Thermo Scientific). The total protein of the lysates was measured by BCA protein assay kit (Sigma-Aldrich). A total of more than 100 μg of protein per sample were used for Co-IP experiments. All lysates were pre-cleared using the control agarose resin. Following the pre-clear step, 2 μg of affinity purified rabbit anti-human caspase-1 antibody (BioVision) and 4 μg of affinity purified rabbit antihuman NALP1 antibody from Abcam (Cambridge, UK) were combined with each pre-cleared cell lysate for overnight incubation. Next, the antibody/lysate samples were added to protein A/G plus agarose in the spin column with gentle end-over-end mixing for 1 h. The resin was washed and the protein complexes bound to the antibody were eluted. Western blot analyses were performed as described above. Proteins were separated by 4-15% gradient SDS-PAGE and transferred onto nitrocellulose membranes using a mini Trans Blot Cell from Bio-Rad Laboratories (Berkeley, CA). NALP3 and NALP1 were detected by mouse anti-human NALP3 (Abcam) and rabbit anti-human NALP1 antibodies (Abcam), respectively. Caspase-1 and caspase-5 were detected by mouse anti-human caspase-1 (Santa Cruz) and mouse anti-human caspase-5 antibodies (Thermo Scientific), respectively.
Immunofluorescence analysis of CD40 in hRPE cells
hRPE cells (4 × 10 4 /chamber) were seeded into Lab-Tek fourchamber glass slides (Thermo Fisher Scientific, Rockford, IL) in the medium as described above. After incubation for 48 h at 37°C, media were aspirated and adherent cells were fixed for 15 min with 4% phosphate-buffered paraformaldehyde solution, calibrated to pH 7.0 with 2 NaOH. Fixed cells were blocked in PBS solution containing 0.1% Triton X-100, 10% sheep serum and 5% BSA at room temperature for 60 min. After three washes with 1% normal goat serum, the cells were either incubated with or without primary anti-CD40 (Santa Cruz), -CD11b (BioLegend; San Diego, CA), -isotype control mouse IgG1 (BioLegend), -α5β1 (Millipore; Billerica, MA), or -non-immune rabbit IgG (Abcam) antibody overnight. The following day, cells were treated with secondary fluorescein isothiocyanate (FITC)-conjugated antibody and diluted in PBS solution containing 2% sheep serum and 1% BSA at room temperature for 60 min in a humidified dark chamber, which was followed by two washes with PBS solution. Finally, the cells were incubated with 1:10,000 bisBenzimide Hoechst 33258 for 2 min and washed with PBS. The slides were mounted with prolong anti-fade kit mount from Molecular Probe, Inc (Eugene, OR), sealed, and examined under a fluorescence microscope equipped with an argon-krypton laser with blue light for FITC excitation under 400× magnification. 
Statistical analysis
Each experiment was confirmed on hRPE cell lines cultured from 4 donors, thus results were representative of at least 4 independent experiments. For ELISA and functional assays, the results were representative of at least 4 independent experiments with similar results obtained for hRPE cultures from each of the 4 donors. For each figure, at least 4, but often 5, replicates were used to calculate means and error bars for each value from a representative experiment from cells cultured from a single donor. Various assay conditions were compared using ANOVA and t-test by StatView software, and p < 0.05 was considered to be statistically significant. For ELISA and functional assays, displayed values of results represent mean ± SEM. For Western blots and RT-PCR data, a representative example was selected for the figures.
Results
CD40L receptor expression in hRPE
First, we sought to validate the expression of the three CD40L receptors that have been described on hRPE cells: CD40, α5β1, and CD11b (Elner et al., 1981 Robbins et al., 1994; Willermain et al., 2000) . Unstimulated hRPE cells showed low levels of CD40 mRNA expression and no staining by Western blot or immunofluorescence in the hRPE subcultures at 48 h (Fig. 1A-B , Fig. 2A ), a finding we also observed for hRPE cultures at longer time points up to 1 week (data not shown). Because IFN-γ is known to be an inducer of CD40 (Gelbmann et al., 2003) , we tested whether it would stimulate CD40 expression in hRPE cells and found that IFN-γ increased CD40 mRNA expression incrementally over time (Fig. 1A) . The time course revealed that hRPE CD40 mRNA induction was detectable by 3hr of exposure and was sustained at maximal levels from 24 to 72 h. FBS did not affect the CD40 mRNA expression. Western blot analysis showed that IFN-γ induced increased levels of CD40 protein expression (Fig. 1B) , which was further confirmed by immunofluorescence microscopy ( Fig. 2A) . IFN-γ-induced CD40 expression contrasted with absent or very weak expression in unstimulated hRPE cells. Unlike CD40, α5β1 and CD11b, the two other CD40L receptors in unstimulated hRPE cells (Hassan et al., 2012; Zirlik et al., 2007) , showed high constitutive protein expression ( Fig. 2B-C) , which was only mildly increased by IFN-γ treatment.
CD40L-induced inflammasome activation
CD40L increased mRNA expression of caspase-1, caspase-5, NALP3 and NALP1 by 3.4, 1.9, 3.7 and 2.2 fold (Fig. 3A) , respectively, and induced cleavage of caspase-1 and caspase-5 in hRPE cells (Fig. 3B) . Pro-caspase-1 was cleaved as early as 2hr following stimulation by CD40L and the cleaved product remained elevated up to 20hr after stimulation (Fig. 3B) . Similarly, active caspase-5 was detected in untreated cells, but cleaved caspase-5 increased after CD40L treatment, though not as potently as activated caspase-1 (Fig. 3B) . Accordingly, catalytic activity of caspase-1 was significantly increased in whole cell lysate (WCL) by 78% after exposure to CD40L for 20hr (Fig. 3C) . In contrast to cleaved caspases-1 and -5, the bands of the pro-caspases did not show noticeable changes following CD40L exposure, suggesting that considerable pools of non-activated caspases-1 and -5 remained in the hRPE cells.
To confirm the formation of NALP3 and NALP1 inflammasome complexes in the CD40L-stimulated hRPE cells, co-IP was performed. NALP1 co-precipitated with caspase-1 and -5 (Fig. 3D) , and caspase-1 co-precipitated with NALP-3 (Fig. 3E ) and caspase-5 (Fig. 3F ) at greater levels after hRPE cells were challenged with CD40L. These results clearly indicate that CD40L results in inflammasome complex formation, a condition necessary for inflammasome activation in hRPE cells.
CD40L-induced IL-1β and IL-18 secretion and CD40L receptor involvement
It has been reported that hRPE cells have the capacity to produce IL-1β mRNA (Fukuoka et al., 2003; Jaffe et al., 1992; Planck et al., 1993) and secrete IL-1β and IL-18 proteins in response to oxidative stress (Kauppinen et al., 2012) . Thus, as inflammasome activation leads to cleavage of pro-IL-1β and pro-IL-18 into their mature forms and inflammasome activation occurs in hRPE cells in response to CD40L stimulation (shown here), we next evaluated the effect of CD40L on IL-1β and IL-18 expression and activation in hRPE cells. Post challenge with 5 μg/ml of CD40L for 6 h, IL-1β and IL-18 mRNA expression was increased 4.9 and 1.9 fold, respectively (Fig. 4A) .
Next, we evaluated the effects of LPS, a known strong inducer of the inflammasome in many cell types, with those of CD40L on IL-1β induction in hRPE cells. As with CD40L, LPS also induced IL-1β and IL-18 mRNA expression by 5.1 and 3.2 fold. qPCR further confirmed that CD40L and LPS increased hRPE IL-1β mRNA synthesis by 6.0-and 16.3-fold, respectively (Fig. 4A) . CD40L-induced IL-1β secretion into the extracellular environment in a concentration-dependent manner (Fig. 4B ) without any observable evidence of alterations to cell morphology at any concentration used (data not shown). LPS alone only mildly, but statistically significantly increased IL-1β secretion (Fig. 4B) . As with IL-1β, a 6-fold increase in IL-18 secretion was also observed post CD40L stimulation (Fig. 4C) . Furthermore, we used Western blotting to demonstrate that CD40L induced the formation of the 17 kD mature form of IL-1β in the extracellular media in the two hRPE cell lines (Fig. 4D) . These results clearly indicate that CD40L induces inflammasome activation, which leads to the induction and secretion of mature IL-1β and IL-18 from hRPE cells.
To characterize possible involvement of the three known hRPE CD40L receptors in this process, we used neutralizing antibodies against CD40, CD11b, and α5β1. Blocking CD40L receptors by either anti-CD11b or anti-α5β1 reduced the induced IL-1β secretion by 40-50% (Fig. 4E) . In clear contrast, anti-CD40 did not inhibit the CD40L-induced IL-1β secretion. Concurrent use of blocking antibodies against α5β1 and CD11b did not further inhibit IL-1β compared to using each alone (Fig. 4E) . To further delineate involvement of the inflammasome in CD40L-induced IL-1β expression, we used caspase-1 Fig. 1 . Stimulation of CD40 mRNA synthesis and protein production in hRPE cells. CD40 mRNA expression in hRPE cells, unstimulated or with IFN-γ (IFN) for 1.5, 3, 6, 24, 48, and 72 h (A). FBS had no effect on stimulation. Western blot analysis of CD40 protein expression in hRPE cells at 24 h of stimulation with IFN-γ (B). Fold changes in mRNA levels were calculated by comparison with unstimulated control after normalization against β-actin. An antibody against actin was used in the Western blot analysis as a loading control. The concentration of IFN-γ used was 500 U/ml. FBS, fetal bovine serum.
inhibitor, Z-YVAD-FMK, to test its role in IL-1β secretion by CD40L. As shown in Fig. 4F , Z-YVAD-FMK reduced by 20% the amount of IL-1β induced by CD40L above control levels. Additionally, as CD40L exhibits pro-inflammatory effects, it is possible that some immune regulatory cytokines, such as IFN-γ and IL-4, might block the CD40L-mediated proinflammatory responses by hRPE. Indeed, IFN-γ and IL-4 inhibited CD40L-induced hRPE IL-1β secretion by 47 and 35%, respectively (Fig. 4F) .
CD40L-induced IL-1β secretion in THP-1 and HUVEC cells
To test whether CD40L induces IL-1β secretion in other cell types, in addition to hRPE, we evaluated a monocytic cell line, THP-1, and an endothelial cell line, HUVEC. Results showed that CD40L significantly induced concentration-dependent IL-1β secretion in both cell types ( Fig. 5A and D) , with the relative levels of IL-1β induced in hRPE cells averaging 33% compared to THP-1 cells. The induction by similar concentrations of CD40L in these two cell types was stronger than that Fig. 2 . CD40L receptor protein expression in hRPE cells. Immunofluorescent protein expression (green) in hRPE cells of CD40 (A), α5β1 (B) and CD11b (C) with and without exposure to IFN-γ (IFN) for 24 h. The nuclei were stained with bisBenzimide Hoechst 33258 (blue). For CD40, hRPE cells were unstimulated as control (Ctrl) or immunostained with replacement of primary antibody with isotypic control antibody (isotype Ctrl), and omission of primary antibody. For hRPE α5β1 and CD11b immunostaining, cells were left unstimulated (Ctrl) whereas isotypic control antibody (isotype Ctrl), were used in immunostaining of unstimulated and IFN-γ stimulated cells. All images, original magnification of 400X. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) in hRPE cells. Moreover, LPS treatment induced IL-1β secretion about 6 times more than that by CD40L in THP-1 cells (Fig. 5B) . Co-incubation of THP-1 cells with LPS and CD40L showed additive increases in IL-1β secretion. Interestingly, based on neutralizing antibody studies, CD11b may be involved in IL-1β secretion by CD40L in THP-1 cells, CD11b antibodies having reduced CD40L IL-1β induction by an average of 15%. In contrast, integrin α5β1 may be involved in IL-1β secretion by CD40L in HUVEC cells ( Fig. 5C and E) . This is in contrast to hRPE where both CD11b and α5β1 seem to be involved in CD40L-induced IL-1β secretion. Strikingly, similarly to as in hRPE, CD40 does not seem to be involved in CD40L-induced IL-1β secretion in either THP-1 or HUVEC cells ( Fig. 5C and E) .
CD40L-induced hRPE MCP-1 secretion
It has been known that CD40L induces secretion of MCP-1 in many cell types (D'Aversa et al., 2002; Gelbmann et al., 2003; Koumas et al., 2001; Sugiura et al., 2000) , including retinal endothelial cells (Greene et al., 2015) . In the present study, we examined effects of CD40L on MCP-1 expression in unstimulated and IFN-γ-or IL-1β-primed hRPE cells. Untreated hRPE cells exhibited low levels of MCP-1 mRNA (Fig. 6A) , a result consistent with our previous studies (Elner et al., 1997; Willermain et al., 2000) . Pretreatment with IFN-γ or treatment with CD40L alone each doubled hRPE MCP-1 mRNA synthesis. The level of secreted MCP-1 protein was significantly increased by CD40L or pre-IL-1β treatment (Fig. 6B) .
Because IL-1β is a potent inducer of hRPE MCP-1 secretion (Elner et al., 1991) , we hypothesized that CD40L-induced hRPE IL-1β secretion may regulate MCP-1 expression in an autocrine/paracrine manner. As CD40L receptors, CD11b and α5β1, were involved in hRPE IL-1β secretion (Fig. 4) , we questioned whether both receptors also function in this process. To test this assumption, we tested blocking antibodies against IL-1β, CD11b, or α5β1. Our data showed that neutralizing IL-1β reduced the CD40L-induced MCP-1 secretion by 70% (Fig. 6C) . Neutralizing CD11b reduced the CD40L-induced MCP-1 secretion by 45%. In contrast, neutralizing α5β1 did not inhibit, but weakly increased the CD40L-induced MCP-1 secretion (Fig. 6C ). These observations suggest that the relative effects of signaling molecules are complex. It is possible that secreted hRPE IL-1β induced by CD40L results in hRPE MCP-1 secretion and is additive, or even synergistic, to the effect of CD40L binding to CD11b overwhelming the effect of α5β1 antibodies in the same pathways. Another possibility is the CD40L binding to α5β1 directly stimulates hRPE MCP1. Furthermore, the CD40L-induced MCP-1 secretion was insensitive to anti-CD40 antibody even when incubation time was extended to 72hr when extracellular MCP-1 levels reached about 15 ng/ml, indicating that CD40L-induced MCP-1 secretion in unstimulated hRPE cells is via a CD40-independent mechanism (Fig. 6D) .
A synergistic effect on MCP-1 secretion was observed when cells were primed by IFN-γ before CD40L induction. In contrast, IL-1β-priming did not have a similar effect (Fig. 6B) . The stimulation combined with IFN-γ priming was sensitive to blockade by anti-CD40 antibody, which reduced MCP-1 secretion by about 36% in hRPE cells exposed to IFNγ and CD40L, whereas co-incubation with either antiCD11b or anti-α5β1 antibody had no effect (Fig. 6E) . The disparity in hRPE MCP-1 secretion seen in Fig. 6C and E appears to be due to the fact that CD40L-stimulated hRPE cells produce a significant amount of MCP-1 that is CD40-independent and may be inhibited by antibody to IL-1β produced by the inflammasome or antibody to CD11b which may reduce the IL-1β produced through activation of the inflammasome, as shown in Fig. 6C . In contrast, hRPE cells which are primed with IFNγ express CD40 and this appears to mediate hRPE MCP-1 induction by CD40L. CD40L-induced hRPE cells that are not primed by IFNγ are not able to increase MCP-1 secretion. Therefore, anti-α5β1 and anti-CD11b antibodies have no significant effect on MCP-1 secretion by IFNγ-stimulated hRPE cells driven by CD40 and other independent mechanisms.
Discussion
The hRPE monolayer forms the outer blood-retina barrier (BRB). Together with the inner BRB formed by the retinal vasculature, BRB limits the entry of inflammatory cells, pathogens, and some macromolecules from the circulation. However, the integrity of the BRB can Fig. 3 . CD40L-induced inflammasome activation in hRPE cells. mRNA levels of inflammasome components caspase-1, caspase-5, NALP1 and NALP3 were determined by RT-PCR in hRPE cells treated with or without CD40L for 6 h (A). The fold changes were calculated by normalization against β actin and comparison with untreated control mRNA levels. Caspase-1 and -5 protein cleavage in hRPE cells was analyzed by Western blot with or without CD40L for 2, 4, 8, or 20 h (B). An antibody against actin was used in each Western blot analysis as a loading control. Untreated (Ctrl) and CD40L treated hRPE cell lysate were examined for caspase-1 activation by a caspase-1 assay kit (C). Co-IP pulldown of anti-NALP1 (D) or anti-caspase-1 (E, F) followed by Western blotting using antibodies against NALP3, caspase-1, NALP1 or caspase-5. Anti-IgG antibody was used as a control for immunoprecipitation. All concentrations of CD40L in these experiments were 5μg/ml. **P < 0.01 as compared with untreated control (C). be dramatically disrupted due to disease conditions, including inflammatory diseases, diabetic retinopathy (Frank, 1984) , AMD (Miller et al., 1986) , hypertensive choroidopathy (Hayreh et al., 1986) , and photocoagulation (Pollack et al., 1986) . These pathological conditions change the external environment of hRPE cells, which can lead to leukocytes, platelets, and macromolecules encountering hRPE cells as they cross the BRB. First, hRPE cells may become exposed to circulating CD40L and platelets due to high permeability and/or retinal hemorrhage (Heeschen et al., 2003; Schonbeck and Libby, 2001) . Second, the infiltrating CD40L-expressing leukocytes (activated T cells and macrophages) may bind hRPE cells, or they can release CD40L into the extracellular environment (Cherepanoff et al., 2010; Cruz-Guilloty et al., 2013; Kilmon et al., 2007; Mach et al., 1997a Mach et al., , 1997b Pietravalle et al., 1996) . Under these conditions, CD40L receptor pathways can be activated in hRPE cells (Bagenstose et al., 2005; Elner et al., 1981 Elner et al., , 2003 Li et al., 2009) .
CD40L plays an important role in cellular immune responses by activating T cells, macrophages, and neutrophils and inducing the release of pro-inflammatory cytokines and chemokines (Khan et al., 2006; Kilmon et al., 2007; Pietravalle et al., 1996) . CD40L also exhibits a critical role in the humoral immune system by supporting T-cell-dependent B-cell differentiation and immunoglobulin isotype switching (Kroczek et al., 1994) . Of the four known CD40L receptors: CD40, α5β1, CD11b, and αIIβ3, CD40 is the best studied in a variety of cell types (Michel et al., 2017) . Previous reports on hRPE CD40 expression are conflicting. In all studies, immunohistochemistry and flow cytometry have demonstrated the absence of CD40 on unstimulated hRPE cells. However, with IFN-γ stimulation, fetal hRPE cells were reported to express CD40 in response to IFN-γ, while immortalized hRPE (ARPE-19) cells did not. One explanation for this discrepancy may be that transformed hRPE cells that are extensively passaged do not maintain a normal physiological response to IFN-γ. To test this hypothesis, we repeated the above experiment using early-passage, primary hRPE cells. RT-PCR, Western blotting, and immunofluorescence all clearly demonstrated inducible expression of CD40 in hRPE cells from four separate donors. Thus, we conclude that normal hRPE cells do indeed have the capacity to upregulate CD40 protein expression in response to IFN-γ. We also demonstrated constitutive baseline and induced expression of α5β1 and CD11b in these hRPE cells from the same donors.
Although CD40L has been shown to activate IL-1β secretion through activating caspase-1, there has been no report linking this finding to inflammasome activation (Schonbeck et al., 1997) . Instead, CD40L has been shown to inhibit, not activate NALP1 and NALP3 inflammasomes resulting from cell-cell contact of activated T cells (Guarda et al., 2009) . Our results are the first to show that CD40L is involved in inflammasome activation and secretion of mature IL-1β and IL-18 in any cell type. Our results also demonstrate that a single, circulating endogenous ligand (CD40L) is sufficient to induce inflammasome activation in hRPE cells. The secretion of mature IL-1β by hRPE cells was dependent on CD40L binding to α5β1 or CD11b, but not CD40, demonstrating that alternative CD40L receptors may be responsible for downstream Fig. 4 . Detection of CD40L-induced cleaved, mature IL-1β from hRPE cells through CD40L receptors CD11b and α5β1. mRNA levels measured by RT-PCR and qPCR of IL-1β and IL-18 with or without CD40L (5 μg/ml) or LPS (1 μg/ml) for 6 h (A). IL-1β secretion from hRPE cells cultured with CD40L (0, 2.5, 5, 10 μg/ml) or LPS (1 μg/ ml) for 24 h (B). CD40L-induced hRPE secretion of IL-18 (C). hRPE cells cultured from 2 donors (627 and 6538) were left unstimulated or stimulated with CD40L followed by Western blot analysis for cleaved IL-1β in the extracellular media (ECM)(D). IL-1β ELISA of conditioned media from hRPE cells cultured with or without CD40L for 24 h in the presence or absence of antibodies (Abs) against CD40 (5 μg/ml), CD11b (20 μg/ml) or α5β1 (10 μl/m), as well as the corresponding isotype control (E). hRPE cells were cultured with or without CD40L in the presence or absence of IFN-γ (IFN, 500 U/ml), IL-4 (100 ng/ml), or Z-YVAD-FMK (YVAD, 2 μM) for 24 h (F). The concentrations of CD40L were 5 μg/ml (C-F). *p < 0.05; **p < 0.01; ***p < 0.001, as compared with untreated control (A-C) or CD40L-stimulated control (E, F). Ctrl, Control; LPS, lipopolysaccharide; Abs, antibodies. inflammasome activation. Our findings strongly suggest that CD40 is not necessary for CD40L to exert its effects on the inflammasome in hRPE cells.
One study recently reported that CD40L did not induce IL-1β secretion in human retinal endothelial or Müller cells; however, the limit of detection of the assay used was 3.9 pg/ml (Portillo et al., 2017) . It is worth noting that the IL-1β secretion of hRPE cells in our study was below this limit of detection and required a high sensitivity ELISA kit and a Western blot of pooled, concentrated extracellular media, opening the possibility that these other cells might also secrete IL-1β in response to CD40L at lower levels. One vital question is whether the CD40L-induced IL-1β secretion from the hRPE could be involved in the low-grade autocrine/paracrine inflammation that occurs in many human neurodegenerative diseases such as AMD (Medzhitov, 2008) and whether CD40L or other ligands for those receptors are present in human lesions.
Another critical question is whether this pathway is broadly applicable to many human diseases with inflammatory components. The cultured hRPE cells used in our experiments had distinctive morphologic and biochemical similarities to the native hRPE, but significant structural and functional differences inherent in the cultured cells are undoubtedly present, especially in the experimental subcultures when compared with native hRPE cells in-situ. Here, we showed that CD40L treatment induced human THP-1 and HUVEC cells to secrete IL-1β and that this was through the same CD40L receptors as in hRPE: CD11b for THP-1 and α5β1 for HUVEC. This is particularly important for atherosclerosis, in which both platelets and monocytes/macrophages provide a readily available supply of CD40L that can stimulate CD40L receptors on endothelial cells. This is something that should be carefully explored in future studies.
Next, we found that CD40L-stimulated hRPE cells produce a significant amount of MCP-1 that is CD40-independent and subject to inhibition by anti-IL-1β neutralizing antibody. This finding suggests that an autocrine/paracrine mechanism exists in which CD40L-induced hRPE IL-1β feeds back on hRPE cells and induces them to also secrete MCP-1. In vivo such a mechanism would serve to chemoattract monocytes with MCP-1 expression and stimulate them via IL-1β. On the other hand, a greatly enhanced MCP-1 secretion by CD40L was observed in IFN-γ, but not IL-1β primed cells. This induced MCP-1 secretion was subject to inhibition by anti-CD40, but not anti-α5β1 or anti-CD11b antibodies, implicating that the induced MCP-1 secretion was largely through the CD40L-CD40 pathway. In fact, in retinal endothelial cells that express low levels of CD40, CD40L significantly induces MCP-1 secretion, which is completely blocked by retroviral knockdown of CD40 (Greene et al., 2015) .
IFN-γ is a multi-function cytokine that often is involved in a complex immunopathologic network involving other pro-inflammatory cytokines, including TNF-α, IL-1, IL-2 and IL-6, as well as immunosuppressive cytokines, including TGF-β, IL-4 and IL-10 (De Vos et al., 1992; Wakefield and Lloyd, 1992; Whitcup et al., 2013) . Secreted by T-lymphocytes and macrophages, both locally within the eye and systemically, INFγ has been shown to be present in significant concentrations in the eye in overtly inflammatory and non-clinically inflammatory human retinal diseases and animal models of human retinal Fig. 5 . CD40L induced IL-1β secretion in THP-1 and HUVEC cells through CD40L receptors CD11b and α5β1. THP-1 (A-C) and HUVEC cells (D-E) were challenged by CD40L (1, 2.5, 5 or 10 μg/ml) for 24 h. Concentration-dependent CD40L-induced IL-1β secretion in THP-1 (A) and HUVEC (D) cells, respectively. Effect of LPS priming plus co-culture (pre-co) on CD40L-induced IL-1β secretion (B). Effects of CD40L-induced IL-1β secretion following treatment with neutralizing antibodies targeting CD40L receptors in THP-1 (C) and HUVEC (E) cells. The antibodies used were anti-CD11 b P (from Pharmingen), anti-CD11 b B (from Biolegend), anti-α5β1, anti-CD40, and anti-isotype IgG1k control for anti-CD11b (Ctrl) and anti-α5β1. In all experiments, IL-1β protein was detected by ELISA.
CD40L concentration was 5 μg/ml *p < 0.05; **p < 0.01; ***p < 0.001, as compared with untreated control (A, B, D) or between presence and absence of antibodies (C, E). HUVEC, human umbilical vein endothelial cells; LPS, lipopolysaccharide; Ab, antibody.
disease. (Deschênes et al., 1988; Limb et al., 1991; Franks et al., 1992) . The ability of IFN-γ to synergize or antagonize the effects of cytokines, growth factors, and PAMP-signaling pathways is particularly important in hRPE cells, as hRPE cells constantly receive multiple signals and integrate them to generate responses appropriate to the extracellular milieu. Our study showed that IFN-γ, as with IL-4 (a Th2 anti-inflammatory cytokine), reduced CD40L-stimulated IL-1β secretion. When primed with IFN-γ, we found that CD40L caused strong stimulation of MCP-1 expression in a CD40-dependent manner. The IFN-γ priming-dependent CD40L stimulation of MCP-1 production in hRPE cells appears to be IFN-γ-specific because we showed that IL-1β did not have a similar effect. Further investigation on the molecular mechanism by which IFN-γ primes unstimulated hRPE cells for activation by CD40L-CD40 binding is warranted, but the results in this study improve our understanding of the mechanisms by which IFN-γ coordinates its pleiotropic effects. It is also important to mention that we cannot rule out the existence of other yet to be identified CD40L receptor pathway (s).
In conclusion, we show that CD40L promotes inflammasome assembly and activation via CD40L receptors α5β1 and CD11b, which leads to secretion of mature IL-1β and IL-18. CD40L both promotes MCP-1 secretion independent of CD40 via IL-1β secretion followed by autocrine/paracrine signaling, as well as through CD40 with IFN-γ priming. The CD40L-induced, but relatively low, IL-1β and MCP-1 secretion observed in primary hRPE cells is consistent with the chronic, low-grade inflammation that is characteristic of AMD, atherosclerosis and other age-related and inflammatory conditions (Buschini et al., 2011; Chaurasia et al., 2009; Xu et al., 2009 ). In addition, both CD40L/ α5β1 and CD40L/CD11b dyads represent potential new drug targets. Further delineation of the CD40L receptor pathways and better understanding of their functional roles in hRPE and other cells will shed more light into therapeutic strategies for hRPE-related retinal diseases, including AMD, as well as non-retinal conditions.
Funding
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